Abstract-An improved approach based on sequential method for the AC-DC power flow calculation is proposed in this paper. This approach solves the convergence problem caused by voltage violations at AC buses during the power flow calculation for the DC subsystems. The convergence property can be significantly improved by adjusting the converter transformer tap position flexibly. In order to adjust the tap position of the converter transformer flexibly, three mainly modifications are proposed. Firstly, the equations for whole DC systems are decoupled into individual DC systems so as to easily figure out which DC system's tap position needs adjustment. Secondly, the tap ratio of a converter transformer is selected as an alternative state variable to replace the cosine of the control angle when necessary. Thirdly, the Newton-Raphson method is utilized to solve DC subsystems instead of the method using the linear equations. Furthermore, a theoretical analysis of the advantages of the proposed approach is also presented. Numerical simulations and practical applications show that the proposed approach meet the requirement of different system operating conditions and has advantages in terms of convergence and speed. The proposed approach has been successfully integrated into the Energy Management System (EMS) for China Southern Power Grid.
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I. INTRODUCTION

C
HINA has made remarkable strides in high voltage direct current (HVDC) transmission implementation. At present, there are more than ten HVDC lines in operation in China. By 2020, the power grid of China will become a robust AC-DC system with ultra high voltage links. China will have 33 HVDC lines by then. North China Grid and Central China Grid will become AC-DC hybrid power systems with multi-infeed DC systems. Furthermore, the complexity of East China Grid, China Southern Power Grid (CSG), and Central China Grid will significantly increase as more DC links are connected. The layout of the ultra-high voltage power system in China by 2020 is shown in Fig. 1 . Multi-infeed DC systems have significantly increased the complexity of power flow calculation. Power flow calculation is the fundamental engine in all functions of EMS and requires continuous availability. As a result, the speed and robustness of power flow calculation of complex AC-DC systems are critical to China's power system operation.
Efficient power flow calculation of AC-DC system has drawn much attention lately [1] , [2] . The methods can be divided into two categories [3] - [5] : simultaneous method and sequential method. The simultaneous method solves the equations of the complex AC and DC systems simultaneously [6] , [7] . However, this approach is incapable to make use of an existing AC power flow program. The sequential method [8] solves AC and DC systems separately. The advantages of this approach are: 1) different algorithms can be applied to the DC and AC systems independently, 2) the software development is easier, 3) the existing AC system power flow program can be used, and (4) it has a lower demand of memory space. Thus, the sequential method is commonly used in the practical EMS for AC-DC power system. However, when the DC system is operated under the reduced voltage level and/or reduced power condition, the sequential method may encounter the following serious problems:
• When the DC power flow equations are derived directly from the external characteristics of converters and network 0885-8950/$26.00 © 2010 IEEE equations, the calculation of reactive power of converters may lead to imaginary numbers [9] , [10] ; • Iterations may be interrupted because (the cosine value of the firing angle for rectifier or extinction angle for inverter) may become greater than one [11] ; • Inappropriate adjustment of converter transformer taps may lead to oscillations between AC and DC systems. The AC-DC load flow calculation may become hard to converge; etc. To enhance the robustness of the sequential method of AC-DC power flow, an improved method for multi-infeed DC systems is presented in this paper. This method has been implemented in the EMS in CSG and has been running routinely every 5 min since 2007. This improved method has been proved to be fast and robust.
The remaining parts of the paper are organized as follows. Section II describes the models of the proposed method in detail. Section III gives the theoretical justification of this approach. Section IV shows some simulation results. Section V draws the conclusions of this paper.
II. MODELS OF THE IMPROVED AC-DC POWER FLOWS
A. Advantages of the Improved Approach
An efficient AC-DC power flow calculation method should overcome the challenges coming from the three serious problems mentioned in Section I. To deal with these problems, an approach based on proper adjustment of the converter transformer tap position is proposed in this paper.
The proposed approach is able to widen the solution space to facilitate iteration convergence in the following manners by modifying traditional algorithms:
• The equations of whole DC systems are decoupled into individual DC systems so as to establish the mathematical model separately. By this means, it is easy to figure out which DC system's tap position needs adjustment.
• To avoid the impractical scenarios caused by , the (the tap ratio of converter transformer) is selected as an alternative state variable to replace when necessary.
• The Newton-Raphson (N-R) method is utilized to solve DC subsystems instead of the method using the linear equations derived from external characteristics of converters, control functions, and network equations [8] . With the exchange of the state variables for tap adjustments, the N-R method is more efficient than linear equations. One advantage of the proposed method is that it can adjust the tap position of converter transformer flexibly and efficiently during power flow calculation, which results in a fast computation. A mathematical proof of the advantages of the method is presented in Section III. Details of this approach are elaborated below.
B. Model of Individual DC System
In this paper, three state variables and three balance equations are employed for each converter. The direct voltage , the direct current , and the cosine value of the control angle (denoted as ) are chosen as the state variables for the th converter, i.e., , where the apostrophe denotes the transpose of the vector. When is chosen as a state variable, the tap ration is treated as a known constant during calculation. For example, if the th DC system unit is a two-terminal DC system composed of the th converter and the th converter, the state variables of this DC system are
For the th converter, the balance equations are (2) where
where is the bridge number of the th converter, is the voltage magnitude on AC side calculated from AC power flow, is the equivalent reactance, is 1 for rectifier and for inverter. The positive direction of direct current is from converter to DC line, and the positive direction of direct power is from the AC system to the DC system.
is the set of all converters connected to the th converter, is the resistance of the DC line between the th converter and the th converter. varies with the control mode of converters. Four commonly used control modes are constant power (CP), constant current (CC), constant voltage (CV), and constant ignition angle for rectifier and constant extinction angle for inverter (CA). The superscript set indicates that the value of the labeled parameter is presetted. That is to say, the parameters with the superscript set are known. In an HVDC system, there are two converters, each of which has an individual operation mode.
For example, if in the th DC system, the th converter and the th converter are operated in CP mode and CA mode, respectively, the calculation equations are (6) For each DC system, the number of equations is three times of the number of converters. For the th DC system, the corresponding equations can be written in the following vector form:
When the operating parameters of a certain system are impractical, they will not affect other DC systems during calculation. Therefore, it is convenient to figure out which DC system does not converge. Furthermore, this decoupled method can easily incorporate new DC lines.
C. Tap Adjustment Algorithm
Traditionally, there are two kinds of methods to deal with the tap position of converter transformer: 1) fixing the tap position as a preset value [6] , [8] ; 2) adjusting the tap position one gear at each iteration [10] , [12] . As a result, the calculation might fail to converge because of the existence of an improper tap position, and it is difficult to find out the proper position for that tap.
In this paper, we propose to change the state variable from to to deal with the adjustment of tap positions of converter transformers. By this means, it is convenient to find out the proper value of and facilitate the convergence of the AC-DC load flow calculation. Furthermore, the power flow calculation of AC-DC system becomes robust and can resolve the three problems mentioned in Section I.
The adjustment of tap position is fulfilled after the DC system power flow calculation converges. The tap adjustment algorithm is presented as follows:
• , i.e., , is checked whether it is less than 1. If , the calculation of this DC system is over.
• If , the state variables are changed from to . That means, is relaxed as a variable and is fixed as a constant when .
• The value of is replaced by its value in the last iteration or a specific preset value.
• To obtain the discrete value of , it is regulated to the closest gear as follows: (8) where is the index of the converter, is the actual correction value, is the ceiling function, is the calculated value, and is the step length of tap changer of the converter transformer.
This new algorithm avoids the oscillation problem due to irrational adjustments of transformer ratio. It adapts to practical operating scenarios with various modes of HVDC systems, and it has been proved to be fast and accurate in CSG application. Furthermore, even under extreme operation conditions, such as in N-1 contingent cases, the system can be solved by the proposed algorithm.
D. Newton-Raphson Method for DC System
The N-R method is more efficient for solving DC equations under changing state variable. Compared with the conventional linear methods, it can avoid reconstructing and recalculating the equations from the very beginning when one of the state variables is changed. In addition, the N-R method also enjoys the advantage of superlinear convergence.
By using N-R method to solve (7), the updating formula for the th iteration is (9) where is the Jacobian matrix of . Mathematically, if the th converter is operated in CA control mode, certain row of the might be zeros after the state variable is replaced by . However, because is always less than 1 in CA control mode, the state variable vector is fixed to . From (2)- (5), it is obvious that at least one of the partial derivatives of with respect to state variables is nonzero.
E. Flowchart of DC Subsystem Calculation
The flowchart of DC subsystem calculation is shown in Fig. 2 . In most circumstances, the transformer ratio does not need to be adjusted. However, when the DC system operates under reduced voltage or reduced power, or even when N-1 contingency scan is done over the whole system, adjustment on is needed to fulfill the power flow calculation.
After the convergence of the DC system power flow, the active power and reactive power of DC system can be calculated as follows:
(10)
F. AC Subsystem Power Flow Equations
The balance equations of the AC buses are as follows: (11) For PQ decoupled method, the calculation may diverge because the traditional power flow calculation for DC system is not robust enough. As a result, in the traditional AC-DC power flow calculation by PQ decoupled method, the constant Jacobian matrices and [11] exclusive of DC systems have to be modified to include contribution of DC system on and . However, when the proposed approach is applied, the power flow calculations become robust and the convergence is improved. In order to keep the constant structure of the Jacobian matrices and , only the balance equations, instead of both Jacobian matrices and balance equations, are modified during the AC-DC power flow calculation.
The core idea of the sequential method for AC-DC system power flow calculation is to add a calculation procedure for the DC system into each iteration of the AC system calculation, as shown in Fig. 3 , where is the iteration times for the AC system power flow calculation.
III. THEORETICAL ANALYSIS
A. Advantages of the Revised Algorithm
The advantages of the approach presented in this paper are as follows:
1) Ensure : is the cosine value of the control angle of the th converter, which must be less than 1. Obviously, is ensured in the process by fixing it to its value in the previous iteration or a preset value whenever .
2) Ensure
: For the th converter, the following equality holds: (12) where (13) Equation (12) 
To study the characteristics of , (16) is rewritten as follows with the per unit value :
The partial derivatives of (17) may be calculated
In practice, when is less than 0.7, the Voltage Dependent Current Order Limiter is applied. The external characteristics function (3) could not be used in this scenario. Hence, for power flow calculation of AC-DC systems, can be assumed larger than 0.7. Furthermore, under steady-state situation, we have and . Consequently, we have
Equation (17) is a continuous and monotonic function. Therefore, we can get the expression of the upper and lower boundaries of :
where (25) Practically, the step length of transformer tap is 0.025 with gears and the ratio can be changed from 0.8 p. 
From (26), is always feasible for the solution and can keep reasonable. Therefore, the calculation can have great robustness by specifying as a state variable instead of . Consequently, the approach to adjust and find out a proper gear is effective and valid in dealing with the situation when . The proposed approach can therefore widen the solution space and improve the convergence of AC-DC power flow calculation.
4) Represent the Characteristics of the DC Control System:
There are two types of control in DC system: grid/gate control to the valve ignition angle and the tap changing control to the converter transformer [10] . The grid/gate control, which is rapid (1 to 10 ms), and the tap changing, which is slow (5 to 6 s per step), are used in a complementary manner [10] . If the AC bus voltages fluctuate and the grid/gate cannot keep the power system operating normally, the tap changing control is needed to restore the converter quantities, especially the angle and the power factor, to their normal range [10] .
Hence, when the adjustment on cannot satisfy normal computation conditions, it can enlarge the controllable range of the DC system by fixing to its value in the previous iteration or a preset value while relaxing as a state variable. That is, the approach presented in this paper represents the characteristics of the DC control system.
B. Robustness Analysis
According to (3)- (5), if the AC bus voltage magnitude is known, the partial derivatives of (2) with respect to state variables are constant.
Equation (5) shows that, if there is no CP control mode, the partial derivatives of (5) with respect to state variables is a unit vector. That is, only one element is 1 and the others are 0. For the CP control mode, the partial derivatives with respect to and are the corresponding and , respectively. The partial derivatives with respect to other state variables are 0.
Take (6) as an example. The Jacobian matrix of a two-terminal DC system is shown in (27) at the bottom of the page.
In the 3rd and 6th lines, the positions of the nonzero elements are different for different control modes. It is clear that for all of the four operation modes, is always invertible.
TABLE I THREE-TERMINAL DC SYSTEM PARAMETERS
It is clear from the analysis above that most elements in Jacobian matrix of DC system are constant during calculation. Only for CP control mode would the corresponding elements of Jacobian matrix be modified and the inversion of should be recalculated at each step.
Generally, is neither symmetrical nor diagonally dominant (the diagonal element might even be zero). At present, the majority of the commercial operational DC systems are two-terminal and the maximum terminal number for DC system is only three. Therefore, for each DC system unit, the rank of is not large (for -terminal DC system, the rank is ). It is easy to get the inverse of because of its small dimension. Additionally, if there is no CP control in DC system, is a constant matrix and we only need to calculate its inverse once during the whole calculation.
The improved approach presented in this paper works well for N-1 scanning in AC-DC power flow of the actual physical model of CSG. In most cases, the state variables do not need to switch from to under the various operations such as line outage, power or voltage change, control mode or parameter change, monopolar or bipolar blocking in DC system, etc. If it is necessary to switch the state variables, the tap ratio is usually adjusted once only during the calculation of AC-DC power flow.
IV. SIMULATION RESULTS
A. The 14-Bus System Including Three-Terminal DC System
The simulation system is modified from the IEEE 14-bus system. Three AC lines connected to buses 2, 4, and 5 are replaced by a three-terminal DC system. The control mode of the DC system is shown in Table I . The initial value of direct voltage, direct current, and AC bus voltage magnitudes are 1.0 per unit. The convergence precisions of iteration for AC and DC systems, , are both set as . The number of iterations until convergence for the AC-DC hybrid power system is less than 10 and that of the DC system is less than 3. If the tap position of the converter transformer is unsuitable, the algorithm relaxes for only once during the calculation of AC-DC power flow.
(27) It shall be noted that the calculation might fail for a three-terminal DC system with two converters operating under CA control mode and one converter under CP control mode. If the initial values of AC bus voltages are good, the calculation may converge successfully. Otherwise, it will diverge even if the N-R method is adopted to calculate AC system with Jacobian matrix revised instead of the PQ decoupled method. Furthermore, if the quasi-Newton method is used to conquer the problems caused by ill-conditioned feature of the Jacobian matrix in this situation, the DC part may converge. The AC part, however, would still diverge sometimes. The phenomenon originates from the physical characteristic of the system instead of the mathematical algorithm. When a three-terminal DC system with dc converter stations connected in series on the DC side operates with the control mode mentioned above, the operating point is essentially unstable. Therefore, the iteration is hard to converge.
B. China Southern Power Grid
The network of CSG in March 2008 has five control areas, including Guangdong Power Grid, Guangxi Power Grid, Guizhou Power Grid, Yunnan Power Grid, and Hainan Power Grid. The details of the system are shown in Tables II and III. For a two-terminal DC system, the "ill-conditioned" situation does not appear under any control combination, and it converges rapidly. To illustrate the stability of the proposed approach, seven cases are selected from Table IV. Other cases, including Case 8, have shown similar performance.
The initial control mode of DC systems is CP in rectifier and CA in inverter. The power flow of the system is calculated according to state estimation results. Power flow is calculated directly by using the improved approach proposed in this paper. The results are satisfactory as shown in Table V .
The number of alternative iterations is less than ten, and the average number of DC iterations is less than two. The convergence precision is . The results of N-1 contingency scan also show that the algorithm is robust. Table VI illustrates the comparison with the traditional sequential method for calculation of AC-DC power flow. It shows that the algorithm proposed in this paper works well for the different control modes that can lead to a stable operating point with a rapid speed and accurate results.
V. CONCLUSION
To enhance the robustness of AC-DC power flow calculation, an improved sequential approach for multi-infeed DC systems is proposed in this paper. It avoids unfeasible solutions, interruptions, and oscillations during AC-DC power flow calculations. Theoretical analyses proved that the new approach indeed has such advantages. Besides, the new approach has the following favorable properties: 1) Regards each individual DC system as a calculation unit. This approach makes the calculation processes of all DC systems independent to each other. Therefore, the scale of calculation equations is significantly reduced. Since its implementation in the EMS of CSG in September 2007, the program module of AC-DC power flow calculation based on the improved approach has been called every 5 min. The results of this module are essential to many other functions of EMS [13] , such as steady security analysis, network sensitivity analysis, transmission limit, optimal power flow, automatic voltage control, automatic generation control, etc. As a result, the improvement on power flow calculation proposed in this paper significantly benefits the whole EMS system. She is now an Associate Professor in the School of Electrical and Electronic Engineering, North China Electric Power University, Beijing. She has been working on several funded research projects, such as the dynamic simulation model of DC system, the research on power optimization and coordinated control of AC-DC hybrid power transmission corridor, the research on AC-DC system state estimation based on PMU data, the characteristics of DC system and the control strategy for multi-infeed DC systems, etc. Her current interests include the analysis, operation, and control of AC-DC systems.
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